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Abstract 

A new genus, Dendrogramma, with two new species of multicellular, non-bilaterian, mesogleal animals with some bilateral 
aspects, D. enigmatica and D. discoides, are described from the south-east Australian bathyal (400 and 1000 metres depth). A 
new family, Dendrogrammatidae, is established for Dendrogramma. These mushroom-shaped organisms cannot be referred 
to either of the two phyla Ctenophora or Cnidaria at present, because they lack any specialised characters of these taxa. 
Resolving the phylogenetic position of Dendrogramma depends much on how the basal metazoan lineages (Ctenophora, 
Porifera, Placozoa, Cnidaria, and Bilateria) are related to each other, a question still under debate. At least Dendrogramma 
must have branched off before Bilateria and is possibly related to Ctenophora and/or Cnidaria. Dendrogramma, therefore, is 
referred to Metazoa incertae sedis. The specimens were fixed in neutral formaldehyde and stored in 80% ethanol and are not 
suitable for molecular analysis. We recommend, therefore, that attempts be made to secure new material for further study. 
Finally similarities between Dendrogramma and a group of Ediacaran (Vendian) medusoids are discussed. 
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Introduction 

The aim of this paper is to present a group of non-bilaterian 
metazoan organisms that cannot at present be placed in an 
existing phylum. The two species described, D. enigmatica and D. 
discoides (Figs 1-7) in new genus Dendrogramma of the new family 
Dendrogrammatidae were collected at 400 and 1000 metres on 
the Australian continental slope off eastern Bass Strait and 
Tasmania during a cruise in 1986. The first author subsequently 
worked up the entire material at Museum Victoria, Melbourne, 
Australia, The specimens in question were not recognised in the 
field, but were extracted from bulk samples in the laboratory 
during sorting (see further under Material and Methods below). 

For reasons given in the Discussion we cannot refer these 
specimens to Ctenophora or Cnidaria, two phyla that are often 
considered diploblastic [1] and bear some resemblance to 
Dendrogramma. We therefore place the new genus as incertae 
sedis in the Metazoa, pending the collection of more material. We 
do, however, discuss some possible phylogenetic implications and 
draw attention to similarities between Dendrogramma and some 



fossil medusoids from the Precambrian Ediacara (Vendian) fauna 
[2]. 

Materials and Methods 

Sampling and preparation 

The material was collected with a WHOI epibenthic sled with 
closing devise operated at the bottom for a distance of 
approximately 250-300 metres. Sampling was undertaken from 
the Australian National Facility Research Vessel ORV Franklin. 
No special permission was required to collect benthic bathyal 
invertebrates in the area. Samples were washed through a stack of 
successively finer sieves following removal of large organisms (e.g., 
echinoderms, decapods, fish), and large shells and stones. The 
resulting material was bulk fixed in neutral (Borax) formalin. 
Later, in the laboratory, the bulk samples were washed in water 
and transferred to 80% ethanol. The animals described are not 
listed as endangered. 

After sorting, when the vmusual nature and uncertain 
taxonomic affmity of these organisms became apparent, the 
remainder of the bulk samples from the relevant 1986 stations (32 
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and 48) was revisited to search for material that might be related to 
the unknown organisms. None was found which is in accordance 
with tlie fact that not a single one of the 18 specimens showed signs 
of having been torn off either a hard substrate or a biological 
(common/ colonial) base. 

No additional specimens were found in a subsequent cruise to 
the same general area in 1988 in which the first author 
participated. 

The sediment of the deeper sample (1000 m) consisted of 
relatively fine calcareous rubble mixed with mud and clay; that of 
the shallower one (400 m) consisted of coarse calcareous fragments 
(e.g., mollusc shell, bryozoans) mixed with mud. 

The two holotypes (Figs 2, 6A-B) were drawn under dissecting 
microscope with a camera lucida by the first author shortly after 
discovery. Details in Fig. 2 of hematoxylin and eosin (HE) stained 
paraffin sections were drawn under a compound microscope 
(Olympus BH-2) also with camera lucida using phase contrast and 
Nomarski (Fig. 2C,D). These sections have since bleached 
preventing further study. Subsequently the samples were brought 
to Canberra with the first author, where it was later found that 
they were close to drying out. Unfortimately absolute alcohol was 
provided without comment instead of the requested 80% ethanol, 
resulting in immediate strong shrinkage of the specimens which 
were, furthermore, rendered glassy brittle. These specimens are, 
however, clearly recognisable as one or the other of the two new 
species (see Fig. 1). The photographs in Figures 1, 3, 5C, 7 were 



taken with a Nikon D700 fitted to an Olympus SZXIO dissecting 
microscope and operated via the software ControlMyNikon v. 4.3. 
To cover a larger depth of field, each published image is the result 
of several photographs taken at different focal points which were 
combined with Zerene Stacker v. 1.04. One entire paratype 
specimen of Dendrogramma enigmatica was prepared for SEM 
(dehydrated, critical point dried, metal coated) and observed in a 
JEOL JSM-6335F (Fig. 4). Cross sections of the already SEM 
mounted specimen was made of both the cylindrical stalk and the 
disc to investigate internal structures (Fig. 5). Before re-coating for 
SEM one light microscopy image was made of the cut surface of 
the disc which shows the internal distribution the gastrovascular 
branches in the disc and the mesoglea (Fig. 5C). 

The family diagnosis and species descriptions are short and 
based on the original illustrations. The majority of the material is 
lodged at Museum Victoria (NMV numbers), Melbourne, 
Australia but paratypes are deposited at the Natural History 
Museum (ZMUC numbers) of Denmark, Copenhagen, Denmark. 

Nomenclatural Acts 

The electronic edition of this article conforms to the require- 
ments of the amended International Code of Zoological Nomen- 
clature, and hence the new names contained herein are available 
under that Code from the electronic edition of this article. This 
published work and the nomenclatural acts it contains have been 
registered in ZooBank, the online registration system for the 






Figure 1 . Dendrogramma gen. nov., all 

Material and Methods). 

doi:1 0.1 371/journal.pone.01 02976.g001 



15 paratypes of D. enigmatica and (with *) D. discoides. Photographs taken after shrinkage (see 
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Figure 2. Dendrogramma enigmatica sp. n.. A, holotype, 'lateral' view. B, same, aboral view. C, cross-section through approx. half of stalk 
(level Indicated by arrow heads in Fig. 2A) showing gastrovascular canal in centre (pharynx), mouth-field lobe with thickened epidermis, and main 
systems of fibrils in mesoglea. D, enlargement of mouth-field lobe. Drawings made before shrinkage. 
doi:l 0.1 371 /journal.pone.01 02976.g002 



ICZN. The ZooBank LSIDs (Life Science Identifiers) can be 
resolved and the associated information viewed through any 
standard web browser by appending the LSID to the prefix 
"http://zoobank.org/". The LSID for this publication is: 
urn:lsid:zoobank.org:pub: DFFC9FC7-6 1 B2-4 1 2E-BDA0- 

64IF1AD998D3. The electronic edition of this work was 
published in a journal with an ISSN, and has been archived and 
is available from the following digital repositories: PubMed 
Central and LOCKSS. 



Results 

Metazoa 

It has been suggested during review that Dendrogramma could 
represent a new non-bilaterian phylum. While we may agree, we 
refrain from erecting such a high-level taxon for the time being, 
because new material is needed to resolve many pertinent 
outstanding questions. 

Dendrogrammatidae, new family 

urn:lsid:zoobank.org:act:73DFB28C-EF41-48F7-B324- 
09503D79B382. 
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Disc 





Figure 3. Dendrogramma enigmatica sp. nov., holotype. A, B, lateral views; C, aboral view, D, adoral view. Photographs taken after shrinkage. 
doi:1 0.1 371 /journal.pone.01 02976.g003 



Diagnosis. Multicellular, mesogleal, apparently diploblastic 
animal. Body divided into cylindrical stalk and broad, flat disc 
(Figs 2A, B, 3, 4, 5A, 7). Simple round mouth opening situated in 
slightly depressed lobed field on rounded apex of staJk. With 
gastrovascular system comprising a simple tube centrally in stalk 
(pharynx) running from mouth to base of disc, then branching 
dichotomously, including first branching node (Fig. 6B), in disc at 
right angles to stalk. Epidermis composed of single layer of low, 
uniform cells; gastrodermis composed of single layer of elongate. 



vacuolated cells tapering towards narrow gastrovascular canal 
(pharynx) (Fig. 2C); epidermis of mouth-field lobes with thickened, 
elongate, apparently vacuolated/glandular cells (Fig. 2D). Dense 
mesoglea milky translucent when formalin frxed except for 
refractive sheath of spongiose mesoglea surrounding gastrodermis 
of gastrovascular canal in stalk (pharynx) (Figs 2C, 5C). Mesoglea 
criss-crossed by fibrils including cylindrical sheet under epidermis 
(Fig. 2C, D). 

Component genus. Dendrogramma, new genus. 
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Figure 4. Dendrogramma enigmatica sp. nov., paratype. A, B, lateral views; C, adoral view; D, close-up of disc surface; E, aboral view; F, tip of 
stalk; G, aboral view of notch of disc surface. SEIW micrographs made after shrinkage. 
doi:1 0.1 371 /journal.pone.01 02976.g004 



Dendrogramma, new genus 

um:lsid:zoobank.org:act:4D 1 3A8A6-8768-41 03-AA8 1 - 
9772D0D0F39E. 

Diagnosis. With the characters of the family. 

Etymology. The name of the genus alludes to the branching 
pattern of the gastrovascular system of the disc. 

Type-species. Dendrogramma enigmatica new species. 

Additional species. Dendrogramma discoides new species. 

Dendrogramma enigmatica new species 

urn:lsid:zoobank.org:act:9BBDlC77-4B5B-4248-8B0D- 
79D598F07E05. 

Figs 1-5. 

Holotype. Australia, Victoria, S of Pt. Hicks, 38" 21.9'S 149° 
20.0'E-38'' 21.40'S 149°20.90'E, 1000 m, WHOI epibenthic 
sled, RV Franklin Stn SLOPE 32, 23 July 1986, G.C.B. Poore et 
al., NMV F65709. 

Paratypes. 9 specimens, same data as holotype, NMV 
F60459. 2 specimens, same data as holotype, ZMUC-DEN-01. 
1 specimen usc-d for SEM, same data as holotyjie, ZMUC-DEN- 
02. 1 specimen [fragments], Australia, Tasmania, olf Freycinet 
Peninsula, 41° 57.50'S 148° 37.90'E, 400 m, coarse shell, WHOI 
epibenthic sled, Franklin Stn SLOPE 48, 27 July 1986, M.F. 
Gomon et al., NMV F60458. 

Description (holotype). Tapering stalk elongate, about 7/10 
as long as disc diameter; length approximately 1.5 width at base of 
disc. Disc diameter approximately 1 1 mm (2.8 mm after shrink- 
age), stalk length approximately 7.8 mm (c£ Fig. 2) (2 mm after 
shrinkage). Disc nearly circular with single marginal notch and 
small rounded hump on each side of notch on disc surface. Mouth- 
field asymmetrically bUobed, reaching farther up one side of the 
stalk than the other. Disc with 37 terminals of the gastrovascular 
branches. 

Remarks. Dendrogramma enigmatica sp. nov. differs from 
the following species by its much longer stalk with a bilobed mouth 
field, and a marginal notch in the disc. 

Etymology. This species has been and still is a great enigma. 

Dendrogramma discoides new species 

urn:lsid:zoobank.org:act:4EDB8 1 1 5-41 38-4682-9 A79- 
76D8DFB 19650. 
Figs. 1, 6-7. 

Holotype. Australia, Victoria, S of Pt. Hicks, 38° 21.9'S 149° 
20.0'E-38° 21.40'S 149°20.90'E, 1000 m, WHOI epibenthic 
sled, RV Franklin Stn SLOPE 32, 23 July 1986, G.C.B. Poore et 
al, NMV F65710. 

Paratypes. 2 specimens, data as holotype, NMV F65711. 1 
specimen, data as holotype, ZMUC-DEN-03. 

Description (holotype). Stem short, length approximately 
1/10 disc diameter; not longer than wide at base of disc. Disc 
diameter approximately 17 mm (3 mm after shrinkage), staJk 
length approximately 4.5 mm (cf Fig. 6 C). Disc circular with 
entire margin. Mouth-field of three lobes, two lobes of equal length 
both longer than the third lobe. Disc with 63 terminals of the 
gastrovascular branches. 

Remarks. Dendrogramma discoides sp. nov. differs from D. 
enigmatica by its much shorter stalk and entire disc. 

Etymology. This species is named for the shape of the disc. 



Discussion 

The two Dendrogramma species are multicellular (metazoans), 
non-bUaterian, apparendy diploblastic animals with a dense 
mesoglea between an outer epidermis and an inner gastrodermis. 
The animals are composed of a body divided into a stalk with a 
mouth opening terminally, and a flattened disc. The mouth is set 
in a specialised, lobed epidermis field, leading into a gastrodermis- 
lined gastrovascular canal (pharynx) in the stalk which aboraUy 
branches dichotomously into numerous radiating canals in the 
disc. While the animals are certainly multicellular, the precise 
structural identity of the epithelia lining the gastrovascular canal 
and the external remain to be studied and compared to that of 
other rnctazoans. 

Dendrogramma shares a number of similarities in general body 
organisation with the two phyla, Ctenophora and Cnidaria, but 
cannot be placed inside any of these as they are recognised 
currently. We can state with considerable certainty that the 
organisms do not possess cnidocytes, tentacles, marginal j)ore 
openings for the radiating canals, ring canal, sense organs in the 
form of e.g., statocysts or the rhopalia of Scyphozoa and Cubozoa, 
or colloblasts, ctenes, or an apical organ as seen in Ctenophora. 
No cflia have been located. We have not found evidence that the 
specimens may represent torn-off parts of colonial Siphonophora 
(e.g., gastrozooids). Neither have we observed any traces of 
gonads, which may indicate immaturity or seasonal changes. No 
biological information on Dendrogramma is available. To judge 
from their construction, both species appear unable to swim (the 
'disc' appears inflexible in preserved specimens). With their small, 
simple mouth opening it would seem likely that they feed on 
micro-organisms, perhaps trappc-d by mucus from the specialised 
lobes surrounding the mouth opening. 

Although Dendrogramma cannot at present be referred to 
Ctenophora or Cnidaria, those two phyla share more character- 
istics with Dendrogramma than does any other phylum. These 
include the presence of apparently only two germ layers 
(diploblastic) with a mesoglea in between (but see [3] for discussion 
of a third germ layer in Ctenophora), and the presence of a single 
mouth opening through which food is ingested and waste is 
released, leading into a gastrovasular cavity becoming highly 
branched terminally. It is therefore possible that Dendrogramma 
may eventually find a phylogenetic position as closely related to 
one of these phyla (e.g., as sister group), but at presc-nt no unirjue 
characters suggesting close affinity to any of these has been found 
(see above). 

The question of the phylogenetic position of Dendrogramma 
also depends on how the basal metazoan lineages are related to 
each other, a question which can be reduced to considering the 
relationship between Porifera, Placozoa, Cnidaria, Ctenophora, 
and Bilateria [4,5]. In theory 105 possibilities exist for grouping 
five taxa, but only few have in this case actually been suggested [5] . 
The traditional view is that Porifera is sister group to all other 
animals, a view based on their lack of tissue organisation, lack of 
nervous system, and the similarities of choanocytes to choano- 
flageUates [3] (Fig. 8). However, a recent finding, supported by 
much molecular data (incl. genomic data for all major taxa), 
proposes that Ctenophora, rather than Porifera, is sister group to 
all other metazoans [6,7,8,9]. Due to this significant conflict 
regarding deep metazoan phylogeny, we have chosen to illustrate 
possible positions of Dendrogramma on a phylogeny with two 
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Figure 5. Dendrogramma enigmatica sp. nov., paratype, same specimen as in figure 4 after cutting away part of stalk and disc; A, 

lateral view. B, radial-section of disc; C, radial-section of disc in light microscopy before sputter coating for SEIVI. D,E, cross-sections of gastrovascular 
branches in disc. F, epidermis of disc. G, cross-section of stalk. H, cross-section of gastrovascular canal of stalk (pharynx). I, gastrodermis of 
gastrovascular canal (pharynx) of stalk. J, epidermis of stalk. SEM micrographs made after shrinkage. 
doi:1 0.1 371/journal.pone.01 02976.g005 
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Figure 6. Dendrogramma discoides gen. et sp. n.. A, holotype, aboral view. B, enlargement of A showing gastrovascular canal (stippled) of 
stalk (pharynx) and point of connection to the first branching node of gastrovascular system of the disc. C, paratype, oblique oral view of trilobed 
mouth-field with mouth opening in centre; entire pharyngeal part of the gastrovascular system is shown. D, Albumares with trilobed field 
(reproduced from [1 9]). E, Rugoconites tenuirugosus (reproduced from [1 9]). F, 1 . Albumares brunsae, 2. Anfesta stankovskii, 3. Rugoconites enigmaticus; 
(all three from [23]; sizes: see text in Discussion). Drawings of Dendrogramma made before shrinkage. 
doi:l 0.1 371/journal.pone.01 02976.g006 



different po.sitions of Ctenophora (Fig. 8). Regardless of the 
position of Ctenophora, we suggest that the most likely position 
of Dendrogramma is before Bilateria, being related to either 
Ctenophora and/or Cnidaria based on the general similarities in 
body organisation (e.g., presence of mesoglea and gastrovascular 
system). If indeed Porifera is the sister group to the remaining 
metazoans as traditionally perceived and recendy supported by a 
re-analysis [10,1 1] of a major molecular dataset from [6,7], and if 
Ctenophora and Cnidaria are sister taxa ( = Coelenterata), as was 



the result of the same re-analysis [10,11], then Dendrogramma 
may be related to Coelenterata. 

Ctenophora positioned as sister group to the remaining 
Metazoa ('Ctenophora-first' h\p()thcsis) has recently been sup- 
ported by adding the genome of a second ctenophore as well as the 
transcriptome of several other ctenophores [9] . In the same study 
it was suggested that neural systems in ctenophores evolved 
independendy from those in other animals. If indeed Ctenophora 
and Cnidaria are placed widely separated (see Fig. 8), it is likely 
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Gastrovascular 
branches 



Figure 7. Dendrogramma discoides gen. et sp. n., various aspects of holotype. A, adoral view. B, enlarged part of disc; C, aboral view; D, 
oblique adoral view. Photographs taken after shrinkage. 
doi:1 0.1 371 /journal.pone.01 02976.g007 



that also the general body organisation of Ctenophora and 
Cnidaria has evolved in parallel from a poriferan or placozoan-like 
ancestor. Then the most likely position of Dendrogramma would 
be as sister group to either Ctenophora or Cnidaria based on the 
similarities in general body organisation. In this way the lack of 
tissue organisation and nervous system (etc.) in Porifera would be 
original attributes. However, if the similarities between Cteno- 
phora and Cnidaria regarding general body organisation are 
homologous (but symplesiomorphic), then this significantly broad- 
ens the spectrum of possible phylogenetic positions of the 
mesogleal Dendrogramma. Then, all that can be said is that 
Dendrogramma should be placed somewhere before the BUateria 
(yellow area in phylogeny in Fig. 8). In this scenario a multitude of 
possible positions exist, including sister group to any of the 
involved taxa (incl. Ctenophora or Cnidaria), and even a position 
as sister group to the remaining Metazoa is possible. 



In summary, the available information about Dendrogramma 
does not allow for a more precise phylogenetic position than being 
before the Bilateria, possibly on either the lineage leading to the 
Ctenophora and/ or Cnidaria. A more robust phylogeny between 
the five basal metazoan lineages (Ctenophora, Placozoa, Porifera, 
Cnidaria, Bilateria) is needed before strong conclusions on the 
evolution of important characters (such as number of germ layers 
and presence of nervous system) can be made. In addition, fresh 
material of Dendrogramma appropriately fixed for molecular 
(genomic) studies, ultra structure, and histology together with 
additional biological information, if possible, should be obtained 
before a proper phylogenetic placement can be made. From a 
morphological point of view, detailed information about the 
epithelial structure, composition of the mesoglea, nervous system, 
and muscles fibres (if present) are particularly wanted for 
comparison with other non-bUaterians. 
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Figure 8. Possible positions of Dendrogramma in a simplified phylogeny showing the deepest splits in the metazoan Tree of Life. The 

position of Ctenophora is controversial so two possibilities have been shown with dashed lines, one as sister group to the remaining metazoans (the 
'Ctenophora-first' hypothesis), and one as sister group to Cnidaria (Coelenterata hypothesis) (based on [6,7,8,24,25]. We suggest that Dendrogramma 
most likely is related to Ctenophora and/Cnidaria (red arrows) due to general similarities in body organisation (see Discussion). However, depending 
on the position of Ctenophora and on whether certain aspects of Dendrogramma (e.g., mesoglea and gastrovascular system) are ancestral for 
Metazoa or modified, Dendrogramma can be positioned in a variety of ways below Bilateria (yellow oval). 
doi:1 0.1 371 /journal.pone.01 02976.g008 



It is widely thought that bilateral symmetry evolved in the 
common ancestor of Bilateria, but it has long been known that 
some members of Cnidaria also exhibit bilateral symmetry [12]. 
Based on studies oi Hox genes it has been suggested that bilateral 
symmetry already evolved before the Cnidaria diverged from 
Bilateria [12,13]. The considerable difference in global symmetry 
between the two species of Dendrogramma is additional evidence 
that symmetry is highly plastic. Both species of Dendrogramma 
exhibit bilateral aspects notably in the lobed field surrounding the 
mouth opening and in the initial dichotome branching node of the 
radiating canals. The disc of D. enigmatica is clearly bilateral as 
indicated by the disc notch. The distal extremity of the stalk ofD. 
discoides can be interpreted as triradial in which case the unequal 
length of the lobes of the mouth field is just localised bilateral 
symmetry. The disc of D. discoides may be interpreted as radial 
symmetric. Considering the differences in symmetry pattern 
between the two species, even in different parts of the body, the 
issue of the origin of bilateralism may add additional interest to the 
study of new material of Dendrogramma. 

Finally, we would like to point to an interesting similarity 
between Dendrogramma and a small group of Precambrian 
Ediacara (Vendian) trilobozoid medusoids. In particular we draw 
attention to taxa such as Albumares, Anfesta, and Rugoconites (the 
last mentioned is not included in the Trilobozoida by all authors). 
AU three have dichotomously branching radiating canals in a disc. 
Rugoconites tenuirugosus Wade, 1972 (Figs 6 E and F3; size range 
in the two richest Rugoconites beds: 9-29 mm, see [14) appears to 
be seen in aboral view with a presumed triradiate initial central 
branching node. This may well be an artefact. If Dendrogramma 
were to be fossilised in the same position it would most probably 



exhibit the same pattern, in spite of the central (first) branching 
node being actually dichotomous. Albumares brunsae Fedonkin, 
1976 (Fig. 6 D, Fl; size range 8-15 mm) and Anfesta stankovskii 
Fedonkin, 1984 (Fig. 6 E2; size range 5-18 mm) both possess a 
trilobed field radiating from the centre, similar to the adoral lobed 
field oi Dendrogramma discoides. In view of the considerable depth 
at which the Dendrogramma species were collected we note that 
the Ediacaran fauna (including some medusoids) of several 
Canadian locations, e.g. Newfoundland and the Mackenzie 
Mountains, appear to have lived at bathyal depth to more than 
1 000 meters [2] . We are aware that the similarities to some of the 
Ediacaran forms may be independent responses to the same 
environmental necessities, rather than being evidence of homol- 
ogy. But, if indeed the similarities between Dendrogramma and 
Ediacaran forms such as Albumares, Anfesta, and Rugoconites 
(Fig. 6E-F) are indicators of close relationship, it has interesting 
phylogenetic implications and may throw light on the origin of 
these Ediacaran taxa. Then, if Dendrogramma is an off split of 
either the lineage leading to Ctenophora and/or to Cnidaria 
(Fig. 8), as suggested by us, Albumares, Anfesta, and Rugoconites 
would also be in such a position and should therefore be 
considered ingroup metazoans rather than being a member of a 
monophyletic extinct kingdom 'Vendozoa'. The latter taxon has 
been suggested to be a failed experiment with multiceUularity 
independent of that of the 'true' Metazoa [15]. A metazoan 
affinity of many Ediacaran forms was suggested already early (e.g., 
as cnidarians or echinoderms, see [16]), a notion that have been 
supported lately for a number of taxa such as Tribrachidium (as a 
sponge or ctenophore-type organism), Kimherella (mollusc), or 
Dickinsonia (early placozoan) [17,18,19,20,21 22]. The possibility 
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of the Ediacaran taxa Albumares, Anfesta, and Rugoconites being 
true metazoans as mentioned above, based indirectiy on the 
presumed position of Dendrogramma is therefore in line with this 
more recent phylogenetic treatment of various Precambrian 
Ediacaran forms. 

Acknowledgments 

Dr. Gar)' Poorc, Museum Victoria, Australia, is thanked for organizingJJ's 
partieipation in the 1988 eruise on the RV "Franklin" and his subsequent 
work at Museum Victoria, made possible by an .Australian Marine Science 
and Technology/ Australian Research (Council grant. Dr. P..S.F. (Cornelius, 
Natural History Museum, London, is thanked (JJ) for valuable criticism 
and comments on a very early manuscript on Dendrogramma. We thank 



Professor Dr. Glaus Nielsen and Dr. Ole Tendal, both of the Natural 
History Museum of Denmark {Zoological Museum) lor constructive 
discussions regarding the allinities of Dendrogramma. We also thank 
Professor Dr. S. Bengtson (Swedish Museum of Natural History, Stock- 
holm) and an anonymous reviewer for thoughtful and constructive 
comments, which have greatly improved the paper. 

Author Contributions 

Contributed to the writing of the manuscript: JJ RMK JO. Found the 
specimens, initiated the study, wrote first draft of manuscript, and prepared 
Figs 2 and 6: JJ. Prepared and composed Figs 1, 3-5, 7, 8: JO. Discussed 
results: RMK JO. 



References 

1. Harrison FW, WestfallJA (1991) Placozoa, Porifcra, Cnidaria, and Ctenophora, 
vol. 2. In Microscopic Anatomy of" Invertebrates (Ed. Harrison FW). 

2. Fcdonkin MA, (ichlingJCi, (}rcy Narbonnc GM, Vickcrs-Rich P (2008) The 
Rise of Animals: Evolution and Diversification of the Kingdom Animalia. Johns 
Hopkins University Press (1 edition). 

3. Nielsen C (2012) Animal Evolution. Interrelationships of the Living Phyla. Third 
Edition. Oxford. University Press. 

4. Giribet G, Dunn CW, Edgecombe GD, Rouse GW (2007) A modem look at the 
Animal tree of life. Zootaxa 1668: 61-79. 

5. Edgecombe GD, Giribet G, Dunn CW, Hejnol A, Kristensen RM, et al. (2011) 
Higher-level metazoan relationships: recent progress and remaining questions. 
Organisms Diversity and Evolution 1 1: 151-172. 

6. Dunn CW, Hejnol A, Matus DQ, Pang K, Browne WE, et al. (2008) Broad 
phylogcnomic sampling improves resolution of the animal tree of life. Nature 
452: 745-749. 

7. Hejnol A, Obst M, Stamatakis A, Ott M, Rouse GW', et al. (2009) Assessing the 
root of bilaterian animals with scalable phylogenomics methods. Proceedings of 
the Royal Society, B. 276: 4261-4270. 

8. Ryan JF, Kevin Pang K, Schnitzlcr CE, Nguyen A-D, Moreland RT, et al. 
(20 1 3) The Genome of the Ctenophore Mnemiopsis leidyi and Its Implications 
for CeU Type Evolution. Science 342: 1242592. 

9. Moroz LL, Kocot KM, Citarella MR, Dosung S, Norekian TP, et al. (2014) The 
ctenophore genome and the evolutionary origins of neural systems. Nature, 
doi: 1 0. 1038/nature 1 3400. 

10. Philippe H, DereUe R, Lopez P, Pick K, Borchiellini C, et al. (2009) 
Phylogenomics revives traditional views on deep animal relationships. Current 
Biology- 19: 706-712. 

11. Pick KS, Philippe H, Schreiber F, Erpenbcck D, Jackson DJ, ct al. (2010) 
Improved phylogenomic taxon sampling noticeably affects nonbilaterian 
relationships. Molecular Biology and Evolution 27(9): 1983-1987. 

12. Finnerty JR (2003) The origins of axial patterning in the metazoa: how old is 
bilateral symmetry? International Journal of Developmental Biology 47: 523- 
529. 



13. Technau U, Steele RE (201 1) Evolutionary crossroads in developmental biology: 
Cnidaria. Development 138: 1447-1458. 

14. Solon CM, Droser ML, (iehling J (2013) Populations and variations in the 
Ediacaran f ossil taxa Rugoconites. The Geological Society of America (GSA), 
125th Anniversary Annual Meeting & Ejqjosition. (Abstract). 

15. Seilachcr A (1984) Late Precambrian and early Cambrian Metazoa. In Patterns 
of Change in Earth Evolution, edited by HoUan HD and Tendall AF, pages 
158-168. Berlin, Springer Verlag. 

16. Glaessner MF (1984) The dawn of animal life: A biohistorical study. Cambridge, 
Cambridge University Press. 

17. Buss LW, Seilachcr A (1994) The phylum Vendobionta: A sister group of 
Eumetazoa. Paleobiology 20: 1-4. 

18. Seilachcr A (1989) "Vendozoa: organismic construction in the Proterozoic 
biosphere". Lethaia 17: 229-239. 

19. Seilacher A (1992) Vendobionta and Psammocorallia: lost constructions of 
Precambrian evolution. Journal of the Geological Society, London 149: 607- 
613. 

20. Seilacher A (2007) The nature of vendobionts. In The Rise and Fall of 
Ediacaran Biota. Edited by Vickers-Rich P and Komarower P, pages 387—397. 

London, Geological Society. 

21. Sperling EA, Vinther J (2010) A plaeozoan affinity for Dkkinisonia and the 
evolution of late Proterozoic metazoan feeding modes. Evolution and 
Development 12: 201-209. 

22. Tang F, Bengtson S, Wang Y, Wang X4, Yin C-y (201 1) Eoandromeda and the 
origin of Ctenophora. Evolution and Development 13(5): 408^14. 

23. Fedonkin MA (1984) Promorphology of the Vendian Radialia. In Stratigraphy 
and Paleontology of the Earliest Phanero/oir [in Russian ), edilcd by Sokolov BS 
and Iwanowski AB, pages 30 58. Moscow, Xaiika. 

24. Dohrmann M, Wohrhcidc G (2013) Novel scenarios of early animal evolution— Is 
it time to rewrite textbooks? Integrative and Comparative Biology 53(3): 503- 
511. 

25. Nosenko T, Schreiber F, Adamska M, Adamski M, Eitel M, et al. (2013) Deep 
metazoan phylogcny: When different genes tell different stories. Molecular 
Phylogenetics and Evolution 67: 223-233. 



PLOS ONE I www.plosone.org 



11 



September 2014 | Volume 9 | Issue 9 | e102976 



